A new parametrization PC-PK1 for the nuclear covariant energy density functional with nonlinear point-coupling interaction is proposed by fitting to observables of 60 selected spherical nuclei, including the binding energies, charge radii and empirical pairing gaps. The success of PC-PK1 is illustrated in the description for infinite nuclear matter and finite nuclei including the ground-state and low-lying excited states. Particularly, PC-PK1 provides good description for isospin dependence of binding energy along either the isotopic or the isotonic chains, which makes it reliable for application in exotic nuclei. The predictive power of PC-PK1 is also illustrated for the nuclear low-lying excitation states in a five-dimensional collective Hamiltonian in which the parameters are determined by constrained calculations for triaxial shapes.
I. INTRODUCTION
In the past years, the unstable nuclear beams have extended our knowledge of nuclear physics from the stable nuclei to the unstable nuclei far from the stability line -so-called "exotic nuclei". Extensive research in this area shows a lot of entirely unexpected features and novel aspects of nuclear structure such as the halo phenomenon [1] [2] [3] , the disappearance of traditional magic numbers and the occurrence of new ones [4] . The exotic nuclei play important roles in nuclear astrophysics, since their properties are crucial to stellar nucleosynthesis. To understand the physics in exotic nuclei, it becomes very important to find a reliable theory and improve the reliability for predicting the properties of more exotic nuclei close to proton and neutron drip lines.
Nuclear energy density functional (EDF) theory [5] has played an important role in a self-consistent description of nuclei. With a few parameters, EDF theory is able to give a satisfactory description for the ground state properties of spherical and deformed nuclei all over the nuclide chart. Detailed discussion on the EDF theory can be seen in Ref. [6] for nonrelativistic representations and in Refs. [7, 8] for relativistic ones.
There exist a number of attractive features in the covariant EDF theory, especially in its practical applications of self-consistent relativistic mean-field (RMF) framework [7, 8] .
The most obvious one is the natural inclusion of the nucleon spin degree of freedom and the resulting nuclear spin-orbit potential that emerges automatically with the empirical strength in a covariant way. The relativistic effects are responsible for the empirical existence of approximate pseudospin symmetry in the nuclear single-particle spectra [9] . Moreover, a covariant treatment of nuclear matter provides a distinction between scalar and four-vector nucleon self energies, leading to a natural saturation mechanism.
The most widely used RMF framework is based on the finite-range meson-exchange representation (RMF-FR), in which the nucleus is described as a system of Dirac nucleons which interact with each other via the exchange of mesons. The isoscalar-scalar σ meson, the isoscalar-vector ω meson, and the isovector-vector ρ meson build the minimal set of meson fields that, together with the electromagnetic field, is necessary for a description of bulk and single-particle nuclear properties. Moreover, a quantitative treatment of nuclear matter and finite nuclei needs a medium dependence of effective mean-field interactions, which can be introduced by including nonlinear meson self-interaction terms in the Lagrangian or by assuming explicit density dependence for the meson-nucleon couplings. Of course, at the energy characteristic for nuclear binding and low-lying excited states, the heavy-meson exchange (σ, ω, ρ) is just a convenient representation of the effective nuclear interaction.
Since the exchange of heavy mesons is associated with short-distance dynamics that cannot be resolved at low energies, as an alternative, the relativistic point-coupling (RMF-PC) model [10, 11] is proposed by using the zero-range point-coupling interaction instead of the meson exchange, i.e., in each channel (scalar-isoscalar, vector-isoscalar, scalar-isovector, and vector-isovector) meson exchange is replaced by the corresponding local four-point (contact) interaction between nucleons. Analogously, in the case of contact interactions, the medium effects can be taken into account by including higher-order (nonlinear coupling) interaction terms or by assuming a density dependence of strength parameters for the coupling interactions.
In recent years, the RMF-PC model has attracted more and more attentions due to the following advantages. Firstly, it avoids the possible physical constrains introduced by explicit usage of the Klein-Gordon equation to describe mean meson fields, especially the fictitious σ meson. Secondly, it is possible to study the role of naturalness [12, 13] in effective theories for nuclear structure related problems. Thirdly, it provides more opportunities to investigate its relationship to the nonrelativistic approaches [14] . Finally, it is relatively easy to study the effects beyond mean-field for the nuclear low-lying collective excited states.
In practical application of the RMF-PC model, the most widely used nonlinear coupling parameterizations include PC-LA [10] and PC-F1 [11] . PC-LA is determined by the ground-state observables of 16 O, 88 Sr, and 208 Pb. Due to the explicit omission of the pairing interaction, the pairing effects are not included in the fitting procedure. Moreover, the test for naturalness in Ref. [12] shows that only six of the nine coupling constants are natural. As an improvement, PC-F1 is optimized to observables of 17 spherical nuclei including openshell nuclei, and the pairing correlation is considered through a standard BCS approach in the fitting procedure. Furthermore, all the coupling constants of PC-F1 are turned out to be natural [11] . However, the isospin dependence of binding energy given by PC-F1 along either the isotopic or the isotonic chains deviates from the data remarkably.
Recently, a density-dependent parametrization DD-PC1 is proposed from the equation of state (EOS) of nuclear matter and the masses of 64 axially deformed nuclei in the mass regions A ≃ 150 − 180 and A ≃ 230 − 250 [15] . Although it reproduces the binding energies, deformations, and charge radii of deformed nuclei quite well, the differences between the predicted binding energies and the corresponding data are somewhat large for spherical nuclei.
Therefore, it is necessary to have a new parametrization for the nuclear covariant energy density functional with point-coupling interaction to describe both the nuclear matter and finite nuclei properties. In this work, a new parametrization PC-PK1 with nonlinear coupling interactions is proposed. In Sec. II, the theoretical framework for the relativistic pointcoupling model is briefly outlined. The numerical details are given in Sec. III. In Sec.
IV-VII, a series of illustrative descriptions for the nuclear matter, spherical nuclei, deformed nuclei as well as the nuclear excited properties are presented. Finally, a summary is given in Sec. VIII.
II. THEORETICAL FRAMEWORK
The basic building blocks of RMF theory with point-coupling vertices are
where ψ is Dirac spinor field of nucleon, τ is the isospin Pauli matrix, and Γ generally denotes the 4 × 4 Dirac matrices. There are ten such building blocks characterized by their transformation characteristics in isospin and Minkowski space. In this paper, vectors in the isospin space are denoted by arrows and the space vectors by bold type. Greek indices µ and ν run over the Minkowski indices 0, 1, 2, and 3.
A general effective Lagrangian can be written as a power series inψOΓψ and their derivatives. We start with the following Lagrangian density of the point-coupling model
which is divided as the Lagrangian density for free nucleons L free ,
the four-fermion point-coupling terms L 4f ,
the higher order terms L hot which are responsible for the effects of medium dependence,
the gradient terms L der which are included to simulate the effects of finite-range,
and the electromagnetic interaction terms L em ,
For the Lagrangian density in Eq. (2), m is the nucleon mass and e is the charge unit for protons. A µ and F µν are respectively the four-vector potential and field strength tensor of the electromagnetic field. There are totally 11 coupling constants,
, and δ T V , in which α refers to the four-fermion term, β and γ respectively the third-and fourth-order terms, and δ the derivative couplings. The subscripts S, V , and T respectively indicate the symmetries of the couplings, i.e., S stands for scalar, V for vector, and T for isovector.
From former experience [11] , we neglect the isovector-scalar channel in Eq. (2) since a fit including the isovector-scalar interaction does not improve the description of nuclear ground-state properties. Consequently, there are nine free parameters in the present RMF-PC model, which are comparable with those in the RMF-FR model. Furthermore, the pseudoscalar γ 5 and pseudovector γ 5 γ µ channels are also neglected in Eq. (2) since they do not contribute at the Hartree level due to parity conservation in nuclei.
Similar to the RMF-FR case, the mean-field approximation leads to the replacement of the operatorsψ(ÔΓ) i ψ in Eq. (2) by their expectation values which become bilinear forms of the nucleon Dirac spinor ψ k ,
where i indicates S, V , and T V . The sum runs over only positive energy states with the occupation probabilities v 2 k , i.e., the "no-sea" approximation. Based on these approximations, one finds the energy density functional for a nuclear system
with the energy density
which is composed of a kinetic part
an interaction part
with the local densities and currents
and an electromagnetic part
Minimizing the energy density functional Eq. (9) with respect toψ k , one obtains the Dirac equation for the single nucleons
The single-particle effective Hamiltonian contains local scalar S(r) and vector V µ (r) potentials,
where the nucleon scalar-isoscalar Σ S , vector-isoscalar Σ µ , and vector-isovector Σ µ T V selfenergies are given in terms of the various densities,
For a system with time reversal invariance, the space-like components of the currents j i in Eq. (13) In addition to the self-consistent mean-field potentials, for open-shell nuclei, pairing correlations are taken into account by the BCS method with a smooth cutoff factor f k to simulate the effects of finite-range [16, 17] , i.e., we have to add to the functional Eq. (9) a pairing energy term of the form depending on the pairing tensor κ,
with the smooth cut-off weight factor
where ǫ k is the eigenvalue of the self-consistent single-particle field, and ǫ F is the chemical potential determined by the particle number, Φ|N τ |Φ = N τ , with N τ the particle number of neutron or proton. The cut-off parameters ∆E τ and µ τ = ∆E τ /10 are chosen in such a way that 2
In the following calculations, a density-independent δ-force in the pairing channel is adopted. Thus, the pairing energy is given by
where V τ is the constant pairing strength and the pairing tensor κ(r) reads
The pairing strength parameters V τ can be adjusted by fitting the average single-particle pairing gap
to the data obtained with a five-point formula.
As the translational symmetry is broken in the mean-field approximation, proper treatment of center-of-mass (c.m.) motion is very important and here the c.m. correction energy is calculated by microscopic c.m. correction
with A mass number andP c.m. = A ip i the total momentum in the c.m. frame. It has been shown that the microscopic c.m. correction provides more reasonable and reliable results than phenomenological ones [18] [19] [20] .
Therefore, the total energy for the nuclear system becomes
III. NUMERICAL DETAILS
In this work, a series of calculations have been performed for both the spherical and deformed nuclei. The Dirac equation for nucleons is solved in a three-dimensional harmonic oscillator basis [21] . In order to determine the parameters of Lagrangian density in Eq. (2) and the pairing strength in Eq. (20), a multiparameter fitting to both the binding energies and charge radii for selected spherical nuclei is performed with the Levenberg-Marquardt method [22] . As usual, the masses of neutron and proton are fixed as 939 MeV. The corresponding data [23] [24] [25] for selected spherical nuclei used in the fitting procedure are listed in Table II Eq. (20), is obtained and listed in Table I .
By scaling the coupling constants in accordance with the QCD-based Lagrangian, the naturalness in effective theories can be investigated [12, 13] . According to the QCD-based
Lagrangian [13] ,
with ψ the nucleon field, f π = 92.5 MeV the pion decay constant, and Λ = 770 MeV a generic QCD large-mass scale respectively, by taking into account the role of chiral symmetry in weakening N-body forces by ∆ = l + n − 2 0 [26, 27] , it has been found that six of the nine coupling constants in PC-LA and all of them in PC-F1 are natural, i.e., the QCD-scaled coupling constants c ln are of order unity [11, 12] .
Similarly, the nine coupling constants of PC-PK1 are also tested for the naturalness and all the dimensionless coefficients c ln are of order 1, as shown in the last column of Table I , which indicates that all the coupling constants in PC-PK1 are natural. Tables II and III Table II and III, respectively. Compared with the other effective interactions, the newly obtained PC-PK1 provides a much better description for the experimental binding energies and the same good description for the charge radii.
IV. NUCLEAR MATTER PROPERTIES
In this section, we will present the saturation properties and the equation of state (EOS)
for nuclear matter in the covariant EDF with PC-PK1. The results will be compared with the corresponding empirical values as well as the predictions with PC-LA, PC-F1, DD-PC1, NL3*, and PK1 [19] .
A. Saturation properties
The saturation properties, including the binding energy per nucleon E/A, saturation density ρ 0 , incompressibility K 0 , nucleon effective mass M * D and M * L , symmetry energy E sym , as well as the characteristics L and K asy for the density dependence of E sym will be investigated.
There are several kinds of nucleon effective mass [29, 30] . Here we mainly focus on the 
ρ=ρ 0 of the symmetry energy at the saturation density ρ 0 . In Refs. [31, 32] , the isospin-dependent part,
to characterize the density dependence of the symmetry energy as both L and K asy can be extracted from the experiment empirically (see Ref. [33] and references therein).
In Table IV , the saturation properties for nuclear matter, including the binding energy [36] , implying that they would give a small single-particle level density at the Fermi energy in finite nuclei as compared with data.
The symmetry energies in the calculations with the nonlinear effective interactions PC-F1, PC-LA, NL3* and PK1 are always larger than the empirical value (around 32 MeV) by around 16-18%, which is reduced to 11% for PC-PK1. Therefore all the interactions would predict large neutron skin thicknesses in finite nuclei except DD-PC1, which is adjusted by fixing E sym = 33 MeV. Moreover, the empirical L (88 ± 25 MeV) [33] and K asy (−550 ± 100 MeV) [37] have been reproduced quite well by PC-PK1. for the symmetric nuclear matter [38] is also given for comparison, which coincides with the relativistic EOS with density below ρ B = 0.20 fm −3 but predicts softer EOS behavior at supra-saturation densities than the relativistic ones, except those given by PC-LA and DD-PC1. One should note that DD-PC1 has been adjusted to the EOS given by ab-initio variational calculations [15] .
V. SPHERICAL NUCLEI
In this section, we will present the binding energies, two-neutron separation energies, single-particle levels, charge radii and neutron skin thicknesses for selected spherical isotopes and isotones in different mass regions in the covariant EDF with PC-PK1. The results will be compared with the corresponding data available as well as the predictions with DD-PC1, PC-F1, PC-LA, and NL3* sets.
A. Binding energy
The binding energies for the Ca, Ni, Sn, and Pb isotopes are calculated with PC-PK1
and their deviations from the data [23] are shown in MeV for the even-even 58−64 Ni. Former investigations have shown that these nuclei are soft against deformation [39] . Therefore, the dynamic correlation energies gained by restoration of rotational symmetry and configuration mixing are expected to reduce these deviations.
Similarly, the underestimations of the binding energies for neutron-deficient Pb isotopes can also be improved by configuration mixing, as demonstrated in the non-relativistic calculations for the even-even 182−194 Pb [40] . For the spherical Ca and Sn isotopes, the energies gained from the restoration of rotational symmetry and configuration mixing are expected to be much smaller as illustrated in the systematic beyond mean-field studies [41, 42] . Therefore, the inclusion of these energies will not change significantly the discrepancy between the mean-field results and the corresponding data for such spherical isotopes.. interactions except DD-PC1 give similar neutron skin thicknesses which are larger than the data deduced from antiprotonic atoms [48] , polarized proton scattering [49, 50] , elastic proton scattering [51] , proton-nucleus elastic scattering [47] , and agree within the experimental error bar with that from inelastic α scattering [52] . The slightly overestimated neutron skin thicknesses are due to the enhanced symmetry energies for nuclear matter shown in Table IV .
In overall, the DD-PC1 parametrization provides better description of experimental charge radii and neutron skin thickness due to its smaller symmetry energy at saturation density.
VI. DEFORMED NUCLEI
In this section, we will focus on the description of the binding energies and deformations for selected well-deformed even-even nuclei. In order to investigate the fission barrier, a constrained calculation is also carried out by taking 240 Pu as an example.
A. Binding energy and deformation
The binding energies and quadrupole deformations of the ground states for Yb and U isotopes are investigated in axially deformed code with PC-PK1 in comparison with those with DD-PC1 and PC-F1.
In the upper panels of Fig. 9 , the deviations of the calculated binding energies with PC-PK1, DD-PC1, and PC-F1 from the data [23] are shown as circles, triangles, and squares respectively. After taking into account the energy correction due to the restoration of rotational symmetry in the cranking approximation [53] , the calculated results by PC-PK1 (filled circles)
reproduces the data quite well for both Yb and U isotopes, and the deviations are within 1
MeV. While the differences between the corrected binding energies given by PC-F1 (filled squares) and data are still large. Since DD-PC1 is adjusted to the binding energies of 64
well-deformed nuclei, the rotational correction energy is not considered in the corresponding calculations. The energy correction due to the restoration of rotational symmetry can be taken into account with the microscopic treatment of angular momentum projection or the cranking approximation [54] . It is noted that difference between the cranking approximation and the angular momentum projection exists (for example, it reaches 1 MeV in 240 Pu) [55] .
For simplicity of systematic calculations, only the cranking approximation is used here.
In the lower panels of Fig. 9 , the calculated quadrupole deformations for the ground states by PC-PK1, DD-PC1, and PC-F1 are given in comparison with the corresponding data [56] . It shows that the deformations and their corresponding evolutions with neutron number for both Yb and U isotopes are well reproduced by PC-PK1, DD-PC1, and PC-F1.
B. Fission barrier
In Fig. 10 , the potential energy curves for 240 Pu as functions of the quadrupole deformation β 2 are shown. The dashed and solid lines correspond to the axially-symmetric and the triaxial calculations with PC-PK1, respectively. In the case of triaxial calculation, the solid line refers to the minima for each β for the potential energy surface (PES) in the β − γ plane. For comparison, the axially-symmetric result given by PC-F1 is also included.
It is found that the PC-PK1 provides not only a good description for the deformation of the ground state [56] but also the energy difference between the ground-state and the shape isomeric state [57] . Furthermore, after including the triaxiality, as shown in Fig 10, the fission barrier given by PC-PK1 is in agreement with the empirical value [58] . It should be noted that the pairing correlation plays an important role in the description of fission barrier. Discussion on the dependence of the fission barrier height on the pairing correlations can be found in Ref. [59] .
VII. NUCLEAR EXCITED PROPERTIES
As a test of the new parameter set PC-PK1 in the description of nuclear spectroscopic properties for low-lying excitation states, the collective excitation spectra and transition probabilities in 150 Nd as well as the characteristic collective observables for Nd isotopes will be calculated starting from a five-dimensional collective Hamiltonian in which the parameters are determined by constrained self-consistent RMF calculations for triaxial shapes [60] [61] [62] .
In Fig. 11 , the excitation energies and B(E2; L In Fig. 12 , the characteristic collective observables R 4/2 = E(4 It shows clearly that the new effective interaction PC-PK1 can provide a good description not only for the ground state properties in spherical and deformed nuclei but also for the nuclear spectroscopic properties of low-lying excitation states.
VIII. SUMMARY
In summary, a new parametrization PC-PK1 for the nuclear covariant energy density functional with nonlinear point-coupling interaction has been proposed by fitting to observables of 60 selected spherical nuclei, including the binding energies, charge radii and empirical pairing gaps. By scaling the coupling constants in PC-PK1 in accordance with the QCD-based Lagrangian, it is found that all the nine parameters are natural. The success of PC-PK1 has been illustrated through the description for infinite nuclear matter and finite nuclei including the ground-state and low-lying excited states.
For the spherical nuclei, PC-PK1 can provide better descriptions for the binding energies in comparison with DD-PC1, PC-F1, PC-LA, and NL3* sets. For neutron skin thicknesses, the DD-PC1 provides better description as compared with the other effective interactions due to its smaller symmetry energy at saturation density.
Taking Yb and U isotopes as examples, it is found that the PC-PK1 reproduces the deformations and their corresponding evolutions with neutron number quite well. After taking into account the rotational correction energy in the cranking approximation, the binding energies given by PC-PK1 are in very good agreement with data within 1 MeV, which indicates that PC-PK1 achieves the same quality as DD-PC1 in the description for deformed nuclei. Moreover, PC-PK1 provides good description for isospin dependence of binding energy along either the isotopic or the isotonic chains, which makes it reliable for application in exotic nuclei. It is noted that the rotational correction energy evaluated using the cranking approximation may differ from that using angular momentum projection.
Constrained calculations have also been performed for 240 Pu in order to investigate the fission barrier. It is found that the PC-PK1 provides not only a good description for the deformation of the ground state [56] but also the energy difference between the ground-state and the shape isomeric state [57] . Furthermore, after including the triaxiality, the fission barrier given by PC-PK1 is in agreement with the empirical value [58] .
The predictive power of the PC-PK1 is also illustrated in the description for the collective excitation spectra and transition probabilities in 150 Nd as well as the characteristic collective observables for Nd isotopes in a five-dimensional collective Hamiltonian in which the parameters are determined by constrained calculations for triaxial shapes. There are also many extensions of nuclear covariant energy density functional theory beyond mean-field using projection techniques [65] and generator coordinate methods [66, 67] . More microscopic analysis of nuclear low-lying states in context of these frameworks with PC-PK1 is in progress.
The density-dependent parametrization DD-PC1 is determined mainly from the masses of deformed nuclei and the EOS of nuclear matter. However, the calculations of the rearrangement terms for the density-dependent parametrization can be nontrivial in some cases, in particular for RPA calculations. Here the nonlinear parametrization PC-PK1 has been optimized to the masses, charge radii and empirical pairing gaps for selected 60 spherical nuclei. It has been illustrated that the PC-PK1 can provide very good descriptions for both spherical and deformed nuclei. Therefore, the non-linear parametrization is very useful as it combines the simplicity with very good predictions for many nuclear properties. In the lower panel, the data for 208 Pb deduced from antiprotonic atoms [48] , polarized proton scattering [49, 50] , elastic proton scattering [51] , inelastic α scattering [52] , and proton-nucleus elastic scattering [47] are shown from left to right respectively. PC-F1 is also included as dot-dashed line. The data for the ground-state deformation [56] , the barrier height [58] , and the energy of the fission isomer [57] are respectively indicated by an arrow, a diamond, and a square. To guide the eyes, the diamond and square are respectively set at β 2 = 0.64 and β 2 = 0.95. 
